Abstract
Introduction
The importance of antioxidants and polyphenols in the prevention or inhibition of many dangerous diseases, such as cancers and degenerative disorders, is well known today. Among them, Gallic acid (GA) (3,4,5-trihydroxybenzoic acid), C6H2(OH)3COOH or C7H6O5, is one of the most prominent compounds (1) . This benzoic acid ring containing polyphenol ( Figure 1 ) has a Molecular Weight (MW) of 170.11954 g/mol, a melting point of 250 °C, and 1.1% water solubility at 20 °C. GA is a plant polyphenol abundantly found in fruits like berries and grapes, hard wood plant species such as chestnut (Castanea sativa L.) and oak (Quercus robur), and also in tea. This yellowish white crystal is known to affect several biochemical pathways with strong antioxidant activity (2) (3) (4) (5) . Indeed, it has been demonstrated that GA has a concentration dependent pro-oxidant property, requiring metal ions. This property has been linked to the apoptosis-inducing activity in cancer cell lines. Similarly, recent studies have shown a cytoprotective feature for GA against chemically-induced carcinogenesis (6, 7) . The diverse effects of GA on various tumour types have been well studied at different molecular levels. Its anti-cancer activities including the selective cytotoxicity for cancerous cells and the low cytotoxicity for normal cells, introduce GA as an important biomolecule and a suitable compound for therapeutic aims. GA shows the selective cytotoxicity of cancerous cells and also has a lower cytotoxicity among normal cells (8) . It has been well documented that GA can induce apoptosis in 3T3-L1 preadipocytes; furthermore, there is evidence to suggest that study, the SPC216 model was used. When the system reaches a concentration of 140 mM, an adequate number of Na and Cl ions were added instead of the solvent. To perform the simulation and to maximize the energy, the steepest descent algorithm and an integration of 50,000 steps were used. Then, the equilibration steps were performed using the NVT and the NPT ensembles by means of the LINCS algorithm for an integration of 50,000 steps. The configuration of each system was saved at 0.2 PS intervals. Fixation was performed for all the bonds. The main sampling was performed using the NPT ensemble within 30 ns. To fix the temperature and the pressure of the system at 300 kelvin and one bar, the V-rescale thermostat and Parrinello-Rahman Barostat were used. The length of the bonds including the hydrogen atom was fixed by the LINCS algorithm. For long distance electrostatic interactions, the particles with 1 nm diameter were subjected to the Particle Mesh Ewald method of integration; the Newton Movements Equations were used by a half-step leap and the time step was set to 2 fs. The saved routes in the simulation were used as controls to analyse the structural parameters of the BIM, BAD, and BAK proteins in the presence of a ligand (24).
Docking
The output PDB files were simulated in water on the basis of the method of molecular docking discussed below. The AutoDock 4.1 software was employed to dock the small molecules in macromolecules. This software predicts how a substrate or a drug is docked in the receptor and how its three-dimensional structure is demonstrated. The GA was docked next to the aforementioned pre-apoptotic factors discussed and they were assessed by the software. To attribute the bar to the protein, Kollman bars were used; for the ligand, Gasteger bars were used. The used grid limiting the docking area included all the volume of the protein. To perform docking, a genetic algorithm was used and the highest number of value was 200 (25) .
Protein-ligand Molecular Dynamic Simulation
After docking, the hydrogen and the hydrophobic bonds between GA and the three pre-apoptotic factors were derived by the Ligplot software. Furthermore, after the docking results were derived for the three pre-apoptotic factors, concentrations below the IC50 were chosen to be used in the comet assay.
Comet Assay

Positive control
Positive control PC3 cells were treated with 30 µM H2O2 according to the method described by Benhusein et al. (21) .
The Alkaline Comet Assay
The alkaline comet assay was performed according to standard protocol described by McKelvey-Martin et al. (22) with a few modifications.
Statistical analysis Each experiment was performed at least three times. The data was analysed using a statistical package for the Social Sciences software, version 22 (SPSS, Inc., Chicago, IL, USA). The alkaline comet assay parameters were evaluated by the CaspLab software version 1.0.0. The differences between the alkaline comet assay parameters were analysed using the repeated measures of the ANOVA test for comparing the significant difference among the means of the various concentrations. P-values less than 0.001 were considered statistically significant.
Simulation Studies
Getting PDB files
To develop molecular structures, the Protein Data Bank file of BAD, BAK, and BIM proteins (with ID: 1G5J ID: 1BXL, and ID: 1PQ1, respectively) as the three important factors in cells apoptosis process were obtained from www. rcsb.org. The three-dimensional structure of GA was obtained from ChEMBL and converted into a PDB file by the Mercury 3.6 software. The GA has also been structurally optimised by the ArgusLab software.
Protein Molecular Dynamic Simulation
The survey of the molecular dynamics simulation of the three proteins (BIM, BAD, and BAK), which were accomplished in pure water, showed related structures undergoing variations in temperature and pressure; a concentration of 140 mMol was required to reach a state of equilibrium. Three pre-apoptotic studied factors (BIM, BAD, and BAK) were simulated by the Gromacs 4.6.1 software using an aqueous solvent with the SPC216 water model and the G43A1 force field (23) . In this 57.3 (1.3) percent, respectively. In this study, we used the prostatic cancer cell line PC3 treated with 50 µM of H2O2 as positive control and the prostatic cancer cell line PC3 without treatment (0 µM of GA) as negative control.
Head area: area of the comet head in pixels, Tail area: area of the comet tail in pixels, Head DNA: amount of DNA in the comet head, Tail DNA: amount of DNA in the comet tail, Head DNA%: percent of DNA in the comet head to comet tail, Tail DNA%: percent of DNA in the comet tail to comet head, Head Radius: Radius of the comet head (in pixels), Tail The P-value for the tail DNA% factor between the negative control group and other groups (25, 30, 35 µM, and positive control) as well as between the groups were calculated as less than 0.001. the simulation was accomplished according to the simulation of molecular dynamics in the presence of GA. Finally, the molecular dynamics simulation of the complex of all three proteins (BIM, BAD, and BAK) with the GA ligand was performed in the aqueous solution as per the above method and the saved routes in simulation were used to analyse the structural parameters of the complex (23) .
Results
The MTT assay results
The different concentrations (between 0-1000 µM) of GA were used on prostatic cancer cells line PC3. The IC50 of these concentrations was determined to be about 35 µM according to MTT assay results. High concentrations of GA can give rise to cell death. In lower concentrations such as 35 µM of GA, 50 percent of cells were alive. In lower concentrations such as 30 µM and 25 µM of GA above 60 percent of cells survived. In Figure 2 , the percentage of viability the various concentrations of (GA) on prostatic cancer cells line PC3 has been shown. The analysis showed that there was significant relationship between the concentration of the GA and cell death.
The Comet Assay Results
The details of the alkaline comet assay analysis on the prostatic cancer cell line PC3 with various concentrations of GA (25, 30 m, and 35 µM GA) have been shown in Table 1 . The rate of the tail comet to head comet (Tail DNA %) percentage in alkaline electrophoresis for the three concentrations below the IC50 of GA in 25, 30, and 35 µM were 24.7 (2.7), 44.5 (1.8) and 
Molecular Docking Study
To evaluate the effect of the GA compound on apoptotic factors including BIM, BAK, and BAD, the molecular docking approach was adopted. In the docking method, the most presumable sites of interaction on the three preapoptotic factors (BIM, BAK, and BAD) were obtained, and then, they were scored according to the energy rating index. Table 2 indicates the results of molecular docking, and in Figure 5 , hydrogen and hydrophobic bonds indicate that GA has bonding energy equal to −6.97, −6.8 and −5.7 with BAD, BAK, and BIM, respectively. A comparison of these binding energies revealed that GA has the most potential to bind to BAD in comparison to the other studied factors. Moreover, the results indicated that the Van der Waals forces are more involved in binding in comparison to the electrostatic forces.
The rate of tail comet to head comet is increases with the increase of GA concentration. A comparative chart of the percent of DNA in the comet tail to the comet head in the PC3 cell line treated with various concentrations of GA is shown in Figure 3 . The rate of the tail comet to the head comet is increased with the increase of GA concentration. A comparative chart of the percent of DNA in the comet tail to the comet head in the PC3 cell line treated with various concentrations of GA is shown in Figure 4 .
The Computational Results
In this study, we used the molecular dynamic to detect the effect of GA on BIM, BAD, and BAK pre-apoptotic factors. been demonstrated, leading to the inference that all the three proteins had a structural balance during the simulation time and they have a steady interaction structurally. According to Figure 7 , the potential and kinetic energy in the opposite or the same direction varies during 10 ns. A low standard deviation of total or potential energy demonstrated that the law of conservation of energy is established in the Interaction tendency of GA with BAD, BAK, and BIM was evaluated in 200 steps. Finally, their binding site was recognised in the lowest status of energy. Figure 6 demonstrates this position for the compound in the studied factors.
Molecular Dynamic (MD) Simulation
In Figure 7 , the changes in the potential and the kinetic energy at the length of 10 ns has These results demonstrate that the proteins become immediately balanced structurally in the absence of GA. In the presence of GA, however, the apoptotic proteins become structurally unbalanced and become a stable structure during a longer time, implying that GA has affected their structure. In Figure 9 , the Root-Mean-Square Fluctuation (RMSF) changes of the amino acids of apoptotic proteins demonstrate the total flexibility of the proteins in the presence and the absence of GA. Subtle changes of amino acids of BAD as an apoptotic protein in the presence or the absence of GA demonstrates the stability of structure of this protein during simulation which indicates the tendency of this factor to GA without any tangible change in its system. The potential and kinetic energy oscillate in the same or the opposite direction during the 10 ns of simulation ( Figure 7) . The lower rate of standard deviation of the total and the potential energy revealed that the law of energy conservation is established within the system. Table 3 demonstrates the Root-MeanSquare Deviation (RMSD) of the main skeleton of apoptotic proteins. Radius Gyration (RG), temperature, potential and kinetic energy, and the number of hydrogen bonds between apoptotic proteins and the water molecules as well as between the apoptotic proteins and the GA during the 10 ns of molecular dynamic simulation were measured. These results signify that the tendency of GA to bind to BAD is higher in comparison to the other two factors.
P < 0.001 Compared with G1
The RMSD of the main skeleton of the apoptotic proteins BAK, BAD, and BIM is derived in the presence and the absence of GA as reference. The results in Figure 8 indicate that in Figure 7 . Potential and synthetic energy of system during 10 ns of the production run simulations.
(Red color indicates simulation in water. Blue color shows simulation of proteins and GA) of GA had the most damaging effect on the PC3 cell line. This damage can be exerted due to apoptosis induction. Programmed cell death will occur when the cell factors are involved in the apoptosis pathway activation. In this condition, the cell tumours will be inactive and the cancer cells will be destroyed (32, 33) . Among the critical factors, Bcl2 plays a key role in the control and the induction of apoptosis that inhibits carcinogenesis in normal cells (34) . Bcl2 activation induces many pre-apoptotic factors including BAX, BIM, BAK, BAD, BIK, and BID (35) . These pre-apoptotic factors affect the mitochondria membrane thus activating the caspases through the cytochrome c activation, and finally giving rise to a death signal for the cell (36, 37) . Since many factors involved in apoptosis pathway play a key role in the induction or suppression of this process, in this study the molecular dynamic properties of the three pre-apoptotic molecules (including BIM, BAK and BAD) in the presence of GA as a very effective flavonoid was investigated. Surveying the effect of Hesperetin over the pre-apoptotic factors in simulation situation, Shanmugam et al. reported that Hesperetin can activate BAX and BAD, and suppress NF-κB (38) . The same studies in the simulated environment revealed that carvacerol can potentially activate preapoptotic factors including BAK, BAD, and BIDand most of all, BIM (39) . According to Saffari et al., in a study accomplished in a simulated environment, quercetin has the potential to activate pre-apoptotic factors like BIM, BAD, and especially BAD (40) . Precise simulation results of GA associated with GA have been presented in Table 3 . During the docking process, hydrogen bonds between Ser47, Ser8, Glu43, Glu46, Gly44, Pro42, and Trp192 residues and BAD were established. In addition, Asp54, Val58, Ilu59, Leu60, Gly149, Leu148, Phe147, Gly14, Asp66, Lys62, Lys63, Met1, Asp64, and Ser67 bonds with BAK and BIM were established. According to the present study, it can be concluded that GA bonds with the apoptotic proteins and affects their function. The molecular dynamic simulation accomplished to acquire the complex models is in a close state to the normal condition. The results obtained from the molecular dynamic simulation demonstrate a stable status in the mode of the ligand-receptor bond during molecular docking. The results of molecular docking and dynamic confirmed that GA can be considered as a potential ligand for BIM, BAD, and BAK, among which the bonding between GA structure (Table 2 ). Figure 9 shows that changes in the RMSF of amino acids of the apoptotic proteins indicates the general flexibility of proteins in the presence and the absence of GA. Subtle changes in the amino acids of BAD as an apoptotic protein in the presence and the absence of GA suggest the structural stability of this protein during simulation; this is regarded as the tendency of BAD towards GA without the necessity to change its structure. The protein-protein RG for BAK, BAD, and BIM is shown in Figure 10 and the numerical values of the RG difference between the presence and the absence of GA is shown in Table 3 .
Discussion
There are many studies that introduce antioxidants and plant polyphenols with the ability to inhibit and decrease tumour cell growth (26) . Some studies have revealed that these compounds can enhance apoptosis in cancer cells (27) : GA is one of these compounds that has attracted the attention of many studies (1). Yong et al. showed that GA can reduce cell viability, proliferation, invasion, and angiogenesis in human glioma cells (17). Yeh et al. reported that GA induces G0/G1 phase arrest and apoptosis in human Leukaemia HL-60 cells through inhibiting Cyclin D and E, and activating the mitochondria-dependent pathway (28) . In the present study, the effects of GA as an antioxidant on the PC3 cell line have been evaluated. Increasing concentrations of GA enhanced the genome breakage in the cells so that the IC50 concentration had the maximum effect over the genome. The tail to head ratio is an appropriate criterion in determining the frequency of breakage that was measured by using the version 1.2.2 CASP software (29, 30) . The ratio of tail to head over 10% was regarded as minor damage, whereas higher ratios indicated major genome damage (31) . Positive control (samples treated with 50 µM H2O2) had the tallest tail (72.8 ± 5.7), whereas the most damaging effect of GA over the PC3 cell line were in the IC50 concentration (35 µM) that was measured as 57.3 ± 1.3. The head to tail ratio in lower concentrations were equal to 30 µM (44.5 ± 1.8) and 25 µM (24.7 ± 2.7) as calculated. The tail to head ratio in negative controls (cells without treatment) was 2.8 ± 1.2. The most optimum concentration in comet assay was IC50; higher concentrations lead to cell death. In this study, 35 µM concentration and BAD is the strongest. In this study, we saw that GA could increase the genome decline and induce cell death at an IC50 concentration.
Conclusion
Recently, many studies have focused on identification as well as determining the function of inhibitors and natural activators. According to our finding, GA could increase genome damage and also induce cell death at the range of IC50 concentration. The results obtained from the molecular dynamic studies introduced GA as an effective factor to control pre-apoptotic proteins including BAK, BAD, and BIM; GA can, therefore, be used to treat many tumour cells effectively.
